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On the role of transition region on the Alfve´n wave phase
mixing in solar spicules
Z. Fazel, and H. Ebadi1
Abstract Alfve´nic waves are thought to play an im-
portant role in coronal heating and solar wind acceler-
ation. Here we investigate the dissipation of standing
Alfve´n waves due to phase mixing at the presence of
steady flow and sheared magnetic field in the strati-
fied atmosphere of solar spicules. The transition re-
gion between chromosphere and corona has also been
considered. The initial flow is assumed to be directed
along spicule axis, and the equilibrium magnetic field
is taken 2-dimensional and divergence-free. It is deter-
mined that in contrast to propagating Alfve´n waves,
standing Alfve´n waves dissipate in time rather than in
space. Density gradients and sheared magnetic fields
can enhance damping due to phase mixing. Damping
times deduced from our numerical calculations are in
good agreement with spicule lifetimes. Since spicules
are short living and transient structures, such a fast
dissipation mechanism is needed to transport their en-
ergy to the corona.
Keywords Sun: spicules · Alfve´n waves: phase mixing
· Transition region
1 Introduction
The heating mechanism of the solar corona is one of
the most mysterious issue in astrophysics (Aschwanden
2004). In the corona, the temperature rises to a few mil-
lion degrees. To maintain such a high temperature in
the corona in spite of cooling by heat conduction and ra-
diative losses, a continuous supply of thermal energy is
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necessary. X-ray observations from space experiments
(e.g. skylab) have shown that the corona is not uni-
form and consists of many bright loops. Two promis-
ing models for coronal heating (Erde´lyi & Ballai 2007)
are: heating by small scale flares triggered by magnetic
reconnection, and heating by the dissipation of Alfve´n
waves that propagate in the magnetic flux tubes (Alfve´n
1947; Hollweg 1973, 1986; McKenzie et al. 1995). How-
ever, there are other types of waves such as acous-
tic, slow-mode and fast-mode waves which are strongly
damped or reflected at the steep density and tem-
perature gradients of chromosphere and transition re-
gion. As an origin of Alfve´n waves, Kudoh & Shibata
(1999) considered a photospheric random motion prop-
agating along an open magnetic flux tube in the solar
atmosphere, and performed MHD simulations for so-
lar spicule formation and the coronal heating. They
have shown that Alfve´n waves transport sufficient en-
ergy flux into the corona. De Pontieu et al. (2007) es-
timated the energy flux carried by transversal oscilla-
tions generated by spicules and compared by the re-
sult of Kudoh & Shibata (1999). They indicated that
the calculated energy flux is enough to heat the quiet
corona and to accelerate the high-speed solar wind.
There are many proposed mechanisms for the dissi-
pation of Alfve´n waves. Interaction of Magnetohy-
drodynamic (MHD) waves with inhomogeneous plas-
mas in which has density gradients in both x- and
z-directions, can leads to a number of very inter-
esting physical phenomena, such as mode coupling
(Moriyasu et al. 2004), resonant absorption (Ionson
1978; Ruderman et al. 1997), magnetohydrodynamic
(MHD) turbulence (Matthaeus et al. 1999), and phase
mixing (Heyvaerts & Priest 1983). These phenomena
can affect the MHD wave dynamics and cause enhanced
dissipation and heating of astrophysical plasmas. The
idea is that when a density gradient of a medium is
perpendicular to the magnetic field, the Alfve´n speed
2is a function of the transverse coordinate. On each
magnetic field line, Alfve´n waves propagate with their
local Alfve´n speed. After a certain time and distance,
as height increases, perturbations by Alfve´n waves of
neighboring magnetic field lines become out of phase
and have different wavelengths, causing large gradients
in Alfve´n wavefront in the direction of the inhomogene-
ity, that is the phase mixing. Dissipation then appears
allowing the energy in the wave to heat the plasma.
Phase mixing of propagating Alfve´n waves in a strat-
ified atmosphere, particularly, in solar spicules has been
studied by Ebadi et al. (2012b). They concluded that
dissipation of propagating Alfve´n waves can occur in
space rather than in time. Moreover, they found that
the calculated damping times are much longer than
spicule life times. Ebadi & Hosseinpour (2013) have
studied the phase mixing of Alfve´n waves in the case of
shear flows and fields. It is determined that the shear
flow and field can enhance the damping of standing
Alfve´n waves. Smith et al. (2007) have showed that
the enhanced phase mixing can occur both with den-
sity gradients and sheared magnetic fields. Spicules
are one of the most fundamental components of the
solar chromosphere. They are seen in spectral lines
at the solar limb at speeds of about 20 − 25 km s−1
propagating from photosphere into the magnetized low
atmosphere of the sun (Zaqarashvili & Erde´lyi 2009).
Their diameter and length varies from spicule to spicule
having the values from 400 km to 1500 km and from
5000 km to 9000 km, respectively. The typical life-
time of them is 5 − 15 min. The typical electron
density at heights where the spicules are observed is
approximately 3.5 × 1016 − 2 × 1017 m−3, and their
temperatures are estimated as 5000− 8000 K (Beckers
1968; Sterling 2000). Kukhianidze et al. (2006) and
Zaqarashvili et al. (2007) observed their transverse os-
cillations with the estimated period of 20 − 55 and
75− 110 s by analyzing the height series of Hα spectra
in solar limb spicules observed. Recently, Ebadi et al.
(2012a) based on Hinode/SOT observations estimated
the oscillation period of spicule axis around 180 s. They
concluded that the energy flux stored in spicule axis
oscillations is of order of coronal energy loss in quiet
Sun. Despite the large body of theoretical and obser-
vational works devoted to the spicules, their ejection
mechanism is not clear yet, and observations with high
spatial resolutions are needed to distinguish their ori-
gin. Okamoto & De Pontieau (2011) investigated the
statistical properties of Alfve´nic waves in solar spicules
based on SOT/Hinode observations. They observed
a mix of upward and downward propagating as well
as standing waves. They found the occurrence rate
of 20% for standing waves. They concluded that in
some spicules there are waves propagating upward and
downward to form a standing wave in the middle of
the spicule. Cargill et al. (1997) performed the numer-
ical simulations of the propagation of Alfve´nic pulses in
two dimensional magnetic field geometries. They con-
cluded that for an Alfve´nic pulse the time at which dif-
ferent parts of the pulse emerge into the corona depends
on the plasma density and magnetic field properties.
Moreover, they discussed that this mechanism can in-
terpret spicule ejection forced through the transition re-
gion. Murawski & Zaqarashvili (2010) studied the up-
ward propagation of a velocity pulse launched initially
below the transition region. The pulse quickly steep-
ens to a shock. They concluded that such a model may
explain speed, width, and heights of classical spicules.
This can be a motivation to study the phase mixing of
upward propagating Alfve´n waves.
In this paper we are interested to study the effect of
transition region between chromosphere and corona on
phase mixing. Section 2 gives the basic equations and
theoretical model. In section 3 numerical results are
presented and discussed, and a brief summary is fol-
lowed in section 4.
2 Theoretical modeling
We consider effects of the stratification due to gravity
in 2D x-z plane in the presence of steady flow and shear
field. The phase mixing and the dissipation of standing
Alfve´n waves are studied in a region with nonuniform
Alfve´n velocity both along and across the spicule axis.
Non-ideal MHD equations in the plasma dynamics are
as follows:
∂ρ
∂t
+∇ · (ρv) = 0, (1)
ρ
∂v
∂t
+ρ(v ·∇)v = −∇p+ρg+
1
µ0
(∇×B)×B+ρν∇2v,
(2)
∂B
∂t
= ∇× (v ×B) + η∇2B, (3)
∇ ·B = 0, (4)
p =
ρRT
µ
. (5)
where ν and η are constant viscosity and resistivity
coefficients, µ0 is the vacuum permeability, µ is the
3mean molecular weight. The typical values for η in the
solar chromosphere and corona are 8 ×108T−3/2 and
109T−3/2 m2 s−1, respectively. The value of ρν for a
fully ionized H plasma is 2.2 × 10−17T 5/2 kg m−1 s−1
(Priest 1982). We assume that spicules are highly dy-
namic with speeds that are significant fractions of the
Alfve´n speed. Perturbations are assumed to be inde-
pendent of y, i.e.:
v = v0kˆ + vy(x, z, t)jˆ,
B = B0x(x, z)ˆi+B0z(x, z)kˆ + by(x, z, t)jˆ (6)
and the equilibrium sheared magnetic field is two-
dimensional and divergence-free as (Del Zanna et al.
2005; Murawski & Zaqarashvili 2010):
B0x(x, z) = B0e
−kbz cos[kb(x− a)],
B0z(x, z) = −B0e
−kbz sin[kb(x− a)] (7)
where a is the spicule radius. Since the equilibrium
magnetic field is force-free, the pressure gradient is bal-
anced by the gravity force, which is assumed to be
g=−gkˆ via this equation:
−∇p0(x, z) + ρ0(x, z)g = 0, (8)
and the pressure in an equilibrium state is:
p0(x, z) = p0(x) exp
(
−
∫ z
zr
dz′
Λ(z′)
)
. (9)
The density profile is written in the following form:
ρ0(x, z) =
ρ0(x)T0
T0(z)
exp
(
−
∫ z
zr
dz′
Λ(z′)
)
, (10)
where ρ0(x) is obtained from the Alfve´n velocity for
a phase mixed and stratified atmosphere due to grav-
ity which is assumed to be (De Moortel et al. 1999;
Karami & Ebrahimi 2009):
ρ0(x) = ρ0[2 + tanh(α(x − a))]
−2, (11)
and
Λ(z) =
RT0(z)
µg
, (12)
where ρ0 is the plasma density at z = 6000 km, α con-
trols the size of inhomogeneity across the magnetic field.
The temperature profile is taken here as a smoothed
step function, i.e.:
T0(z) =
1
2
Tc
[
1 + dt + (1− dt) tanh(
z − zt
zω
)
]
, (13)
here, dt = Tch/Tc which Tch and Tc denote the chromo-
spheric temperature at its lower part and the coronal
temperature that is separated from the chromosphere
by the transition region. zw = 200 km is the width of
transition region which is located at the zt = 2000 km
above the solar surface. We put Tch = 15× 10
3 K and
Tc = 3× 10
6 K.
The linearized dimensionless MHD equations with
these assumptions are:
∂vy
∂t
=
1
ρ0(x, z)
[
B0x(x, z)
∂by
∂x
+B0z(x, z)
∂by
∂z
]
,
−v0
∂vy
∂z
+ ν∇2vy, (14)
∂by
∂t
=
[
B0x(x, z)
∂vy
∂x
+B0z(x, z)
∂vy
∂z
]
−v0
∂by
∂z
+ η∇2by, (15)
where densities, velocities, magnetic field, time and
space coordinates are normalized to ρ0 (the plasma den-
sity at dimensionless z = 6), VA0, B0, τ , and a (spicule
radius), respectively. Also the gravity acceleration is
normalized to a2/τ . Second terms in the left hand side
of Eqs. 14 and 15 present the effect of steady flows.
Eqs. 14, and 15 should be solved under following ini-
tial and boundary conditions:
vy(x, z, t = 0) = VA0 exp
[
−
1
2
(
x− 1
d
)2
]
sin(kz)ez/4H
by(x, z, t = 0) = 0, (16)
where d is the width of the initial packet.
vy(x = 0, z, t) = vy(x = 2, z, t) = 0,
by(x = 0, z, t) = by(x = 2, z, t) = 0,
vy(x, z = 0, t) = vy(x, z = 8, t) = 0,
by(x, z = 0, t) = by(x, z = 8, t) = 0. (17)
Figure 1 shows the initial wave packet given by Eq. 16
for d = 0.5a (a is the spicule radius).The parameter k is
chosen in such a way to have the standing Alfve´n wave.
3 Numerical results and discussion
To solve the coupled Eqs. 14, and 15 numerically, the
finite difference and the Fourth-Order Runge-Kutta
methods are used to take the space and time deriva-
tives, respectively. We set the number of mesh-grid
points as 256 × 256. In addition, the time step is cho-
sen as 0.0005, and the system length in the x and z di-
mensions (simulation box sizes) are set to be (0,2) and
4(0,8). The parameters in spicule environment are as fol-
lows: a = 1000 km(spicule radius), d = 0.5a = 500 km
(the width of Gaussian packet), L = 8000 km (Spicule
length), v0 = 25 km s
−1, ne = 11.5 × 10
16 m−3,
B0 = 1.2 × 10
−3 Tesla, T0 = 14 000 K, g = 272 m
s−2, R = 8300 m2s−1k−1 (universal gas constant),
VA0 = 75 km/s, µ = 0.6, τ = 13 s, ρ0 = 1.9× 10
−10 kg
m−3, p0 = 3.7× 10
−2 N m−2, µ0 = 4pi × 10
−7 Tesla m
A−1, zr = 6000 km (reference height), zw = 200 km,
zt = 2000 km, x0 = 1, z0 = 0.5, α = 2, H = 1000 km,
η = 103 m2 s−1, kb = pi/8, and k = pi/3 (dimensionless
wavenumber normalized to a)(Ebadi et al. 2012b).
Figure 2 shows perturbed velocity variations with re-
spect to time in x = 1000 km, z = 1000 km; x =
1000 km, z = 4000 km; and x = 1000 km, z = 7000 km,
respectively. In Figure 3, perturbed magnetic field vari-
ations are presented for x = 1000 km, z = 1000 km;
x = 1000 km, z = 4000 km; and x = 1000 km,
z = 7000 km, respectively. In these figures the per-
turbed velocity and magnetic field are normalized to
VA0 and B0 respectively, and it is obvious from the
plots that there is a damping at the first stage of phase
mixing. This behavior can be related to the presence
of transition region between chromosphere and corona.
At the first height (z = 1000 km), total amplitude of
both velocity and magnetic field oscillations have val-
ues near to the initial ones. As height increases, the
perturbed velocity amplitude does increase in contrast
to the behavior of perturbed magnetic field. Nonethe-
less, exponentially damping behavior is obvious in both
cases. This means that with an increase in height,
amplitude of velocity oscillations is expanded due to
significant decrease in density, which acts as iner-
tia against oscillations. Similar results are observed
by time-distance analysis of solar spicule oscillations
(Ebadi et al. 2012a). It is worth to note that the den-
sity stratification influence on the magnetic field is neg-
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Fig. 1 (Color online) The initial wave packet for d = 0.5a
is showed.
ligible, which is in agreement with Solar Optical Tele-
scope observations of solar spicules (Verth et al. 2011).
Figures 4 and 5 illustrate the 3D plots of the per-
turbed velocity and magnetic field with respect to x, z
for t = 10τ s, t = 50τ s, and t = 80τ s. In the presence
of the transition region and stratification due to gravity,
the damping process takes place in time than in space.
It should be noted that due to the initial conditions,
the damping time scale for the velocity field pattern
is longer than the magnetic field one. In spite of the
standing waves considered here, propagating waves are
stable and dissipate after some periods due to phase
mixing (Ebadi et al. 2012b).
In Figure 6, kinetic, magnetic and total energies nor-
malized to the initial total energy, are presented from
top to bottom respectively. Since spicules have short
lifetimes and they are transient phenomena, we claim
that in such circumstances the phase mixing can occur
in time rather than in space (De Moortel et al. 1999).
Obtained damping times are in agreement with spicule
lifetimes (Zaqarashvili & Erde´lyi 2009). Comparison of
our results with the results deduced from the work of
Ebadi & Hosseinpour (2013) shows that density gradi-
ents because of transition region make the enhanced
phase mixing in standing Alfve´n waves. As an exam-
ple, the total energy amplitude damped to 10% of initial
amplitude in 195 and 325 seconds, respectively. This
means that the transition region between chromosphere
and corona can accelerate damping rates of standing
Alfve´n waves in solar spicules.
4 Conclusion
In spite of propagating Alfve´n waves, standing Alfve´n
waves can also be found in open structures for example
in spicules, and so may represent an efficient heating
mechanism in the solar corona. In this paper, we as-
sume that spicules are small scale structures in com-
parison with coronal holes and other mega structures.
In our model, we consider spicules with steady flow
and sheared magnetic field. In addition, the transi-
tion region between chromosphere and corona has also
been considered. The considered medium is dense in
its lower heights while becomes rare and rare as height
increases (stratification due to gravity). Moreover, the
density changes across the spicule axis which lead to
different Alfve´n speeds (phase mixing). Our simula-
tions show that phase mixing can occur in time rather
than in space for standing Alfve´n waves. The per-
turbed velocity amplitude increases as height is in-
creased (Ebadi et al. 2012a). In contrast, the perturbed
magnetic field amplitude decreases with height. Both
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Fig. 2 (Color online) The perturbed velocity variations
are showed with respect to time and x = 1000 km for three
values of z = 1000 km, z = 4000 km, and z = 7000 km from
top to bottom.
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Fig. 3 (Color online) The perturbed magnetic field vari-
ations are showed with the same coordinates as inferred in
figure 2.
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Fig. 4 (Color online) The 3D plots of the transversal com-
ponent of the perturbed velocity with respect to x, z in
t = 10τ s, t = 50τ s, and t = 80τ s for kb = pi/8.
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turbed magnetic field.
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Fig. 6 (Color online) Time variations of the normalized
kinetic, magnetic and total energies for d = 0.5a.
perturbed velocity and magnetic field amplitudes de-
crease efficiently with time. Since spicules are short liv-
ing and transient structures, the fast dissipation mech-
anism is needed to deliver their energy to the corona.
Our findings illustrate that the transition region can
be accounted as a factor that can accelerate damping
rates. We observed that kinetic, magnetic and total
energy decrease with time exponentially.
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